Abstract: To study the properties of human primary somatosensory (S1) cortex as well as its role in cognitive and social processes, it is necessary to noninvasively localize the cortical representations of the body. Being arguably the most relevant body parts for tactile exploration, cortical representations of fingers are of particular interest. The aim of the present study was to investigate the cortical representation of individual fingers (D1-D5), using human touch as a stimulus. Utilizing the high BOLD sensitivity and spatial resolution at 7T, we found that each finger is represented within three subregions of S1 in the postcentral gyrus. Within each of these three areas, the fingers are sequentially organized (from D1 to D5) in a somatotopic manner. Therefore, these finger representations likely reflect distinct activations of BAs 3b, 1, and 2, similar to those described in electrophysiological work in non-human primates. Quantitative analysis of the local BOLD responses revealed that within BA3b, each finger representation is specific to its own stimulation without any cross-finger responsiveness. This finger response selectivity was less prominent in BA 1 and in BA 2. A test-retest procedure highlighted the reproducibility of the results and the robustness of the method for BA 3b. Finally, the representation of the thumb was enlarged compared to the other fingers within BAs 1 and 2. These findings extend previous human electrophysiological and neuroimaging data but also reveal differences in the functional organization of S1 in human and nonhuman primates. Hum Brain Mapp 00:000-000,
INTRODUCTION
The primary somatosensory cortex (S1) consists of four distinct cytoarchitectonic areas, namely Brodmann areas (BA) 3a, 3b, 1, and 2 [Jones et al., 1978; Powell and Mountcastle, 1959 ] each of which includes a full somatotopic representation of the contralateral body. Animal studies revealed that body parts are represented at distinct positions in these four areas and that certain body parts are characterized by cortical magnification [Kaas et al., 1979; Merzenich et al., 1978; Nelson et al., 1980] . BA 3a receives proprioceptive information from muscles and joints, whereas signals from the skin are processed in BA 3b, 1, and 2. Within BA 2, skin signals are combined with proprioceptive information [Kandel et al., 2000] . The receptive field size of S1 neurons increases from BA 3b, 1, to 2 and a higher degree of selectivity is progressively exhibited [i.e., orientation and direction; Costanzo and Gardner, 1980; Gardner, 1988; Hyvarinen and Poranen, 1978] suggesting that somatosensory information is processed hierarchically along the rostro-caudal direction in S1 [Iwamura et al., 1983 [Iwamura et al., , 1993 .
Human S1 was first mapped by Penfield and Boldrey [1937] by applying intraoperative electrical cortical stimulation in pre-and postcentral gyri. They reported that each location of the contralateral body surface is represented at a specific position in the postcentral gyrus and also described cortical magnification. With respect to single finger representations, these electrical stimulation data separated the representations for each digit and reported an enlarged thumb representation [Penfield and Boldrey, 1937; Penfield and Jasper, 1954, Figures 3.15 at page 70 and 3.18 at page 73]. However, in these studies human finger somatotopy was not analyzed for individual patients, nor for the different S1 subregions, and it was not statistically verified. Additionally, their results may not represent S1 in healthy subjects.
Several fMRI studies have investigated finger somatotopy in S1 [Kurth et al., 1998 [Kurth et al., , 2000 Nelson and Chen, 2008; Overduin and Servos, 2004; Sanchez-Panchuelo et al., 2010; Schweizer et al., 2008; Stringer et al., 2011; van Westen et al., 2004] , although this has been challenging due to large functional and anatomical intersubject variability. Several group studies were completed at 1.5T and 3T [e.g. Maldjian et al., 1999; van Westen et al., 2004 ] using a limited spatial resolution close to the cortical extent of single digits (between 8 and 40 mm 3 ). Thus, in some studies, the cortical representation of only two or three digits was investigated [Gelnar et al., 1998; Kurth et al., 1998; Overduin and Servos, 2004; Weibull et al., 2008] or the finger somatotopy observed was incomplete [Moore et al., 2000; Schweizer et al., 2008] . Finger somatotopy for the different S1 areas was not determined, although previous studies at 1.5T [Kurth et al., 2000] and 3T [Nelson and Chen, 2008] observed that the cortical digit representation is organized somatotopically on average in BA 3b and 1. Recent studies using 7T fMRI described finger somatotopy for all five fingers but only in BA 3b [Sanchez-Panchuelo et al., 2010] , or focused on a limited subset of fingers [Stringer et al., 2011] .
All of the above studies employed some form of mechanical stimulation. However, human touch provides a strong, complex, and natural tactile stimulus, which potentially activates not only BA 3b, but also 1 and 2. Moreover, studies on the role of S1 in cognitive or social tasks, such as body ownership [e.g., Dieguez et al., 2009; Petkova et al., 2011] or social interactions [e.g., Ebisch et al., 2011] , often use human touch as a stimulus and therefore require an appropriate localizer. The aim of the present study was twofold: first, to obtain reliable somatotopic maps for functional localizers using a human touch stimulus and the increased BOLD signal sensitivity at 7T, and second, to investigate human finger somatotopy in the different Brodmann areas of S1.
MATERIALS AND METHODS

Participants and Experimental Procedures
Ten men aged between 20 and 35 years (mean AE std dev: 25.6 AE 5.6 years) participated in the study. All subjects were right-handed, as assessed through the Edinburgh Oldfield Handedness Inventory [Oldfield, 1971] , and gave written informed consent. Eight of these ten participants were scanned a second time (between 3 and 28 weeks later) with the same protocol to assess the reproducibility of the fMRI data. All procedures were approved by the Ethics Committee of the Faculty of Biology and Medicine of the University of Lausanne and the study was conducted in accordance with the Declaration of Helsinki.
During the experiment, participants lied supine in the scanner with their right arm comfortably stretched along the magnet bore. An experimenter was positioned at the entrance of the bore where he could easily reach and stroke the two distal phalanges of each digit with his own index finger. Each digit was independently stroked for 20 s, followed by 10 s of rest (no stroking). The order in which the digits were stroked was: D1 (thumb)-D3 (middle)-D5 (little)-D2 (index)-D4 (ring). This sequence was repeated four times per run, resulting in a scan time of 10 min per run. Two functional runs were acquired per participant. During the 20 s of stimulation, the two distal phalanges of each finger were repeatedly stroked along the axis of the finger, from the proximal to the distal portion of the finger. To minimize the variability of the stroking procedure, all the stimulations were performed by the same experimenter (RM) keeping similar pace and pressure on the fingers across subjects. Each stroke had a duration of 400-700 ms and digits were stroked at a frequency of $1 Hz, leading to approximately 20-25 strokes per stimulation block. The rationale for using the human touch as a stimulus is that it provided not only localized touch but also several features such as motion, texture, and temporal variability. We hypothesized that such a complex and natural tactile input potentially activates not only BA 3b, but also 1 and 2. Moreover, natural stimuli such as human touch have been used in studies on body ownership [e.g., Dieguez et al., 2009; Tsakiris et al., 2007] or agency [Farrer et al., 2008] , making the resulting finger maps well suited for use as functional localizers in these types of studies. The stimulation pattern remained fixed during the experiment, similarly to several previous mapping studies involving the visual [e.g., Sereno et al., 1995; Warnking et al., 2002] , auditory [e.g., Da Costa et al., 2011; Formisano et al., 2003] , and somatosensory cortex [e.g., Sanchez-Panchuelo et al., 2010; Stringer et al., 2011] .
MR Data Acquisition
Images were acquired on a short-bore 7T scanner (Siemens Medical, Germany) with an 8-channel Tx/Rx rf-coil (Rapid Biomedical, Germany). Functional images were acquired using a sinusoidal readout EPI sequence [Speck et al., 2008] and comprised 28 axial slices (in-plane resolution 1.3 Â 1.3 mm 2 ; slice thickness 1.3 mm; gap 0.13 mm) placed over the postcentral gyrus (approximately orthogonal to the central sulcus) in order to cover the primary somatosensory cortex (matrix size 160Â160, FOV ¼ 210 mm, TE ¼ 27 ms, TR ¼ 2.5 s, GRAPPA ¼ 2). Two functional runs were acquired, comprising 241 volumes each. To aid coregistration, a single whole-brain EPI volume with 64 slices (1.3 Â 1.3 Â 1.3 mm 3 resolution) was also acquired. To aid in the delineation of the Brodmann areas, an anatomical volume was acquired using the MP2RAGE sequence [Marques et al., 2010] , with TE ¼ 2.63 ms, TR ¼ 7.2 ms, TI1 ¼ 0.9 s, TI2 ¼ 3.2 s, TRmprage ¼ 5 s.
Data Analysis
Statistical analyses were conducted using SPM8 software (Wellcome Department of Cognitive Neurology, London, UK). Functional volumes were temporally realigned to the first slice acquired, spatially realigned to the first volume acquired, and smoothed with an isotropic Gaussian kernel (FWHM ¼ 2 mm).
Statistical analysis was performed according to the General Linear Model using the canonical hemodynamic response function (HRF) and its time derivative as basis functions. The model included two regressors (the HRF and its temporal derivative) per finger and the motion parameters as nuisance regressors. Using this model, the response for stimulation of each single finger was estimated independently from the others.
The MP2RAGE volume was coregistered with the whole brain EPI image by means of rigid body transformations and both were subsequently coregistered to the mean EPI functional volume. Susceptibility induced distortions are small in the area of the brain covered by our imaging slab, notably the superior part of the central sulcus [van der Zwaag et al., 2009] and were further limited by the use of a limited matrix size in combination with parallel imaging to keep the read-out duration short. As a result, co-registration between the functional images and the MP2RAGE data using standard SPM8 routines was successful for all subjects. Cortical reconstruction and volumetric segmentation was performed with the Freesurfer image analysis suite (http://surfer.nmr.mgh.harvard.edu/).
Only for the extraction of the centers of mass coordinates, the anatomical images and the somatotopic maps were normalized to the standard brain template of the Montreal Neurological Institute (MNI) using the normalization algorithms included in SPM8. All other analyses were conducted in the individual subject space (i.e., in the space of individual functional acquisitions).
For the somatotopic mapping, an F-contrast (P < 0.001 uncorrected) was computed including the HRF regressors for all five fingers, including all voxels responding to the stimulation of at least one finger. The result was used as an S1 mask. Maps of single finger responses were computed by means of a t-contrast over the HRF regressors of each individual finger. Within the S1 mask, each voxel was independently labeled as representing the digit demonstrating the highest t-value for that particular voxel.
The borders of BAs 3b, 1, and 2 were identified using the guidelines proposed by cytoarchitectonic studies [Geyer et al., 2000; Grefkes et al., 2001] . Within the postcentral gyrus, BA 3b is located on the anterior wall, BA1 occupies the crown, and BA2 lies on the posterior wall. Once we had segmented each BA of S1 on these anatomical borders, we identified for each BA the cluster showing the finger representations organized in an ordered manner. To compare the localization of the anatomically defined subregions with the location of cytoarchitectonically defined BAs, for each subject we computed the overlap between each identified functional subregion with the probabilistic cytoarchitectonic maps of BAs 3b, 1 [Geyer et al., 1999; Geyer et al., 2000] , and 2 [Grefkes et al., 2001] , as included in the Anatomy toolbox for SPM [Eickhoff et al., 2006; Eickhoff et al., 2007; Eickhoff et al., 2005] .
Within each subregion and finger representation, the average BOLD responses to each of the five finger stimulations were tested to assess whether they were different from zero using a two-tailed t-test (P < 0.05). In addition, the Euclidean distance in the 3D space between the centers of mass of the representations of adjacent fingers and the volume of each finger representation were computed. Differences in interdigit distances and volumes across finger and functional subregions were assessed by 2-way repeated measures ANalysis of VAriance (ANOVA), followed by a Tukey Honestly Significant Difference (HSD) test as post-hoc test. The significance level was set to P < 0.05 for both the ANOVA and the Tukey HSD tests.
To assess the robustness and reliability of our fMRI results, eight subjects repeated the experiment, between 3 and 28 weeks after the first session. We first compared the positions of the center of mass of the finger representations across sessions in the MNI space. We also calculated the mean beta values of the BOLD responses in the second session within the finger representations as identified in the first session, and we qualitatively compared the BOLD response patterns with those obtained in the first session.
RESULTS
For all subjects, finger maps were observed within the postcentral gyrus contralateral to the stimulated fingers. Results for a single participant (number X) are presented in Figures 1 and 2 , and one representative slice per participant is shown in Figure 3 (see also Supporting Information Fig. 1 for a display of several slices). All slices are displayed relative to the scanner coordinates and have not been reoriented relative to the bicommissural (i.e. AC-PC) plane. The data revealed three regions with single finger representations that were all organized in a somatotopic manner. In all subjects, we observed that single finger representations along the anterior wall of the postcentral gyrus have an orderly spatial organization. In this representation, the little finger (shown in red in Figs. 1 and 2) was localized to a more superior and medial position and the thumb (blue) to a more inferior and lateral region The data obtained for each subject revealed yet another region with a precise spatial organization of single fingers (Figs. 1A and 3) . This region was located on the crown of the postcentral gyrus. Finally, six subjects exhibited a third functional subregion located on the posterior wall of the postcentral gyrus, adjacent to the previous area, again displaying an ordered sequence of single fingers (Figs. 1A and 3, subjects number II, III, V, VI, VII, and X). In all three mentioned subregions, the thumb was found to be most inferior and the little finger most superior. Because of the relative inclination between the postcentral gyrus and the axial plane, the three subregions appeared for most subjects on the same axial slice. We note, however, that-depending on the position of the slice-the axial plane cuts the postcentral gyrus at different positions on the inferior-anterior axis and accordingly, at the level of different finger representations for the three S1 finger representations. The three subregions may therefore appear to include a variable number of digits and may even appear to be incomplete. On a surface display (Fig. 1B-D) , the labeled areas of the three BAs form continuous bands that are oriented parallel to the central sulcus, characterized by a sequence that has the thumb in the most inferior and the little finger in the most superior location.
The consistency of the finger maps across subjects is shown in Figure 3 and in the Supporting Information Figure  1 . This anatomico-functional architecture partly replicates patterns of somatotopic organization in nonhuman primates [Kaas et al., 1979] , with the three functional regions oriented in three stripes parallel to the central sulcus. Moreover, in each stripe, a strikingly similar representation of the five digits was found, with the little finger located at the top of the stripe and the thumb at the bottom.
Because the three observed regions were located on the anterior wall, on the crown, and on the posterior wall of the postcentral gyrus, and because within each region the finger representations were organized in a somatotopic manner, we propose that the three functional subregions that we observed likely represent three regions of primary somatosensory cortex, namely BAs 3b, 1, and 2.
To assess the spatial correspondence between the anatomically defined BAs 3b, 1, and 2 and cytoarchitectonic maps, we computed the overlap between each of the anatomically defined BAs (including the representation of all the five fingers) and the probabilistic cytoarchitectomic maps of BAs 3b, 1, and 2 representing the likelihood that a certain voxel belongs to a particular BA [Geyer et al., 1999; Geyer et al., 2000; Grefkes et al., 2001 ]. This analysis shows that on average 83% of the volume we labeled as BA 3b overlaps with the probabilistic map of BA 3b (60 and 22% with the probabilistic maps of BAs 1 and 2, respectively). Similarly, 83% of the volume we labeled as BA 1 overlaps with the probabilistic map of BA 1 (46 and 52% with the probabilistic maps of BAs 3b and 2, respectively) and 75% of the volume we labeled as BA 2 overlaps with the probabilistic map of BA 2 (49 and 86% with the probabilistic maps of BAs 3b and 1, respectively).
Interdigit Distances
In the following sections we will describe the results separately for the three regions, BAs 3b, 1 and 2. First, we computed the position of the center-of-mass of each finger representation in the MNI space (see Table I ) and the inter-digit distances (see Fig. 4A ). To better account for the three-dimensional orientation of the postcentral sulcus, the Euclidean distance between the centers of mass of all adjacent fingers was computed in 3D space.
The position of individual centers-of-mass (see Table I ) confirms the sequential organization of the previously identified five finger representations within each S1 subregion.
Within BA 3b, the interdigit distances (AE standard deviation) were 5.7 AE 1.4 mm for D1-D2, 5.4 AE 1.8 for D2-D3, 4.7 AE 1.0 for D3-D4, and 3.7 AE 1.5 for D4-D5. Within BA 1, the distances were 6.9 AE 2.7 mm for D1-D2, 4.9 AE 2.3 for D2-D3, 5.0 AE 1.5 for D3-D4 and 3.0 AE 1.1 for D4-D5. For BA 2 they were 6.2 AE 4.7 mm for D1-D2, 7.3 AE 3.7 for D2-D3, 3.8 AE 1.3 for D3-D4, and 3.5 AE 2.8 for D4-D5. The analysis of the interdigit distances revealed a main effect of fingers within BAs 3b and 1 (BA 3b: F (3,27) ¼ 3.17, P ¼ 0.04; BA 1: F (3,27) ¼ 5.51, P ¼ 0.004; BA 2: F (3,12) ¼ 2.26, P ¼ 0.12). Post-hoc analyses (Tukey HSD test) revealed that for both BA 3b and 1, the distance between D4 and D5 was smaller than the distance between D1 and D2 (BA 3b: P ¼ 0.04; BA 1: P ¼ 0.002).
In addition, we computed the distance between D1 and D5, which was 15.5 AE 2.4 mm in BA 3b, 15.1 AE 4.3 mm in BA 1, and 8.6 AE 4.2 mm in BA 2. The distance between D1 and D5 in BA 2 was significantly shorter than the same distance in BA 3b (P ¼ 0.016) and BA 1 (P ¼ 0.035).
Volume of S1 Finger Representations
The total volumes (AE standard deviation) of the three regions were 1110 AE 390 mm 3 for BA 3b, 980 AE 440 mm 3 for BA 1, and 600 AE 319 mm 3 for BA 2. No significant difference was observed between the total volumes of BAs 3b and 1 (P ¼ 0.21) while BA 2 was significantly smaller than both BA 3b (P ¼ 0.003) and BA 1(P ¼ 0.033). To evaluate whether each single finger was evenly represented within the three functional subregions of S1, the volume of each single finger representation was computed. Results are shown schematically in Figure 4B ,C. Statistical analysis revealed a main effect of finger in all three regions (F (4,36)
Further analysis (Tukey HSD test) revealed that, in BA 3b, the D1 representation was larger than the representation of D2 (P ¼ 0.049) and D5 (P ¼ 0.001) but not of D3 (P ¼ 0.508) and D4 (P ¼ 0.218). Within BA 1 and BA2, the D1 representation was significantly larger than those of D2, D3, and D5 (all P < 0.018 within BA 1 and all P < 0.023 within BA 2). Additionally, we observed that within BA 2, the D4 representation was significantly larger than those of D2 (P < 0.006) and D5 (P < 0.018). Quantification of the thumb magnification with respect to the average volume of the other digits yielded factors of 2 for all S1, 1.7 for BA 3b, 2.3 for BA 1, and 2.4 for BA 2. These results show that the thumb has a significantly larger representation than the other fingers in BA 1 and BA 2, while a trend towards magnification was observed in BA 3b. A pictorial representation of the volumes of the finger representations estimated in the present and previous studies is shown in Figure 5 .
Finger Selectivity
To investigate the selectivity of each of the single finger regions to the tactile stimulation of the respective finger as compared to the tactile stimulation of the other four fingers, we computed the mean BOLD response for each finger (represented by the beta values for the relevant GLM regressors) within each of the five single finger representations in BAs 3b, 1, and 2. Results (see Fig. 6 ) showed that within BA 3b, finger representations are specialized and respond uniquely to stimulation of the target finger: the target finger was the only digit showing a significant positive BOLD response to stimulation except for areas of D4 and D5, which also showed a significant response to the tactile stimulation of D3 and D4 respectively. Qualitatively, the response gradually decreased as the digital distance increased from the stimulated finger, resulting in a negative BOLD response for the most distant fingers. A similar digit distance effect was observed in BAs 1 and 2, but with a less pronounced reduction of the BOLD response with the distance from the stimulated finger compared to BA 3b. In addition, in BAs 1 and 2 each finger representation also showed limited cross-finger responses as they responded also to the stimulation of the adjacent fingers. (Penfield and Boldrey, 1937) . C: Single finger representation in owl monkeys for BAs 3b and 1 as measured with electrophysiology (Kaas, 1983) . The hand sizes were scaled with the size of BAs 3b and 1 reported in the paper. D: Single finger representation in human BAs 3b, 1, and 2 as measured with fMRI in the present study. The hand sizes were scaled with the size of BAs 3b, 1 and 2 measured in this study. 
Robustness of the Finger Representations
To assess the reliability of our somatotopic finger maps, we compared the topography of finger representations obtained in two different sessions. Data obtained in the second fMRI session (from the same subject as depicted in Figs. 1 and 2 ) are shown in Figure 7A -C. Generally, the responses to the tactile stimulation during the second session were reduced both in size of the activated area and in amplitude of the BOLD signal, compared to the first session. In all eight re-tested participants, we obtained a somatotopic map within BA 3b, as in the first session. The coordinates of the centers of mass of the finger representations within BA 3b of the second session (Table 2) were located close to those identified in the first session. Across sessions, the mean displacement (AE standard deviation) of the centers of mass was 1.7 AE 1.2 mm for D1, 3.2 AE 3.1 mm for D2, 2.3 AE 1.3 mm for D3, 2.2 AE 1.5 mm, for D4, and 2.2 AE 2.5 mm for D5. In the second session, the average interdigit distance was 5.44 AE 2.0 mm and the distance between thumb and little finger was 16.6 AE 1.7 mm. These values are comparable with those from the first session. Activations in BAs 1 and 2 were less reproducible. In the second session, complete finger topography was observed in 5 subjects in BA 1, while no subject had a representation of all the five fingers in BA 2. Because BAs 1 and 2 were observed in only few subjects, we limited the comparison of the results across sessions to BA 3b.
To further characterize the consistency of the finger topographies across sessions, the mean BOLD responses of the second session were computed within the single finger regions, as defined in the first session. Analysis for session 2 (see Fig. 7D ) showed that each finger representation (as defined in Session 1) also responded most strongly to the same finger stimulation and exhibited a BOLD response that gradually decreased with the digit distance from the stimulated finger, replicating the pattern observed in the first session. The generally reduced BOLD amplitude observed in the second session can also be seen in Figure 7D .
DISCUSSION
We took advantage of the increased BOLD sensitivity and spatial resolution available at 7T (Shmuel et al., 2007; van der Zwaag et al., 2009 ] to precisely and non-invasively investigate the cortical representation of single fingers in human S1, using human touch as the stimulus. In the postcentral gyrus (extending from the anterior wall bordering the central sulcus to the posterior wall bordering the postcentral sulcus) we found each finger represented within three areas in S1, identified as BAs 3b, 1, and 2. Within each of these areas, the finger representations were organized in a somatotopic order. Quantitative analysis revealed that within each of the three regions, each finger representation responded specifically to that particular finger stimulation with no or low cross-finger responsiveness and that, especially in BA 3b, the BOLD signal decreased during the stimulation of other fingers. A test-retest procedure highlighted the reproducibility of our results within BA 3b and the robustness of the method despite a reduction in BOLD signal in the second recording.
Finger Somatotopy
In each participant, we observed a sequential representation of the five fingers on the anterior wall of the postcentral sulcus (BA 3b); the little finger was in a superior and medial position and the thumb in a more inferior and lateral position (Fig. 1) . Additionally, we were able to determine finger somatotopy for two other regions adjacent to BA 3b. These regions were located on the crown of the postcentral gyrus (BA 1) and on the posterior wall of the postcentral gyrus (BA 2). When observed on an inflated brain surface, these three regions are positioned in parallel to each other and the central sulcus (Fig. 1C) . In each of these three regions the thumb is located more inferior and the little finger more superior (see Fig. 1B,D) . This organization is comparable to that of BAs 3b, 1, and 2 observed in non-human primates [Kaas et al., 1979] and as proposed in humans based on histological post-mortem analysis [Geyer et al., 1999; Geyer et al., 2000; Grefkes et al., 2001] . The location of our three anatomically defined BAs as defined here was in good agreement with reported probabilistic cytoarchtectonic maps for the same BAs [Geyer et al., 1999; Geyer et al., 2000; Grefkes et al., 2001 ]. Yet, our data also show the high anatomical and functional variability of these primary somatosensory regions across subjects. This highlights the need for a method that separates regions at the single subject level and determines boundaries independently of and orthogonal to digit or other body representations. In the absence of clear anatomical landmarks to guide the segmentation of the three BAs, in this paper we adopted an anatomically driven strategy, labeling the activations on the anterior wall of the postcentral gyrus as belonging to BA 3b, those within the crown as belonging to BA 1 and those on the posterior wall as belonging to BA 2. Though, some misalignment on the individual pixel levels may have occurred, the general trends we observed were averaged over large numbers of voxels and should be valid irrespective of minor segmentation errors. Further research is required to improve the segmentation method in order to achieve more objective and fully automated ways for segmenting subregions in S1, similar to those commonly used for segmenting visual [e.g., Sereno et al., 1995] and auditory [Da Costa et al., 2011] cortices.
Extending recent fMRI studies [Nelson and Chen, 2008; Sanchez-Panchuelo et al., 2010; Stringer et al., 2011] we show that similar to monkey S1, the three anatomically distinct finger representations in humans each have an orderly somatotopic organization. Because of cortical folding, the three finger representations (one in each BA) are closer in the three-dimensional space than what would be expected by the inflated maps. This feature is similar to that observed in the tonotopic regions of human auditory cortex [Da Costa et al., 2011; Formisano et al., 2003] and in the retinotopic regions of the human visual cortex [Rajimehr and Tootell, 2009; Sereno et al., 1995] , suggesting that this is an organizational feature common to human sensory cortex.
These results extend previous fMRI findings obtained at 3 and 7T [Nelson and Chen, 2008; Sanchez-Panchuelo et al., 2010; Stringer et al., 2011] . We have however employed a natural stimulus (i.e. human touch). The method proposed here therefore also allows for the creation of a functional localizer of digit representations, which can subsequently be used to study the role of the different portions of S1 in cognitive neuroscience research. In particular, the use of a natural stimulus such as human touch makes the method well suited to investigate body ownership [e.g. Dieguez et al., 2009; Ionta et al., 2011; Tsakiris et al., 2007] , agency [e.g., Blakemore et al., 1998; Farrer et al., 2008] , and self-other discrimination [e.g., Cardini et al., 2011] , given that the stimulus of the functional localizer is similar in nature to those used in these types of investigations. The present method was designed to be used as a functional localizer in subsequent functional MRI studies at 7T. We believe that the translation of our results to 3T fMRI should be possible with the latest technological improvements of MR scanners and head coils, allowing functional images of sufficient resolution and SNR to be acquired on a 3T MR scanner (i.e. resolution of 1.5 mm isotropic).
Robustness of Finger Representations
The reliability of our results was assessed by comparing the somatotopic maps obtained in the same subject in two r Martuzzi et al. r r 10 r separate recording sessions. Somatotopic maps were highly similar between the two sessions. Across sessions, the mean distance between the centers of mass was approximately 2.3 mm, which corresponds to less than 2 voxels (i.e., less than the size of the finger representation). This observation was confirmed by the analysis of the BOLD responses of the second session, using the ROIs as defined in the first session, replicating the specificity of each finger representation and the BOLD response decrease with the digit distance with the stimulated finger (Fig. 7) . These observations also confirm the reliability of the human touch as a stimulus.
Additionally, we observed that activation maps were much smaller in the second session. Because the majority of the subjects were naïve to the MR environment prior to the first session and because the stimulation protocol was completely passive, subjects may have been less attentive to the task in the second session. As attention is known to modulate the amplitude of BOLD signals, even in primary sensory cortices [e.g., Nelson et al., 2004] , it is likely that the reduction in the BOLD signal was due to reduced attention levels in the second session.
Interdigit Distances
The interdigit distances between the thumb and the little finger that we observed (i.e., 15.5 mm in area 3b, 15.1 mm in area 1, and 8.6 mm in area 2) are comparable to what has been reported previously [i.e., 17.2-17.9 mm in BA 3b (Kurth et al., 2000; Nelson and Chen, 2008; van Westen et al., 2004) ), 14.3-14.9 mm in BA 1 (Kurth et al., 2000; Nelson and Chen, 2008) , and 6.8 mm in BA 2 (Nelson and Chen, 2008) . Similarly to the interdigit distances between the thumb and the little finger, we also observed that the total volumes of finger representations within BA 3b (1110 mm 3 ) and BA 1 (983 mm 3 ) were both significantly larger than those within BA 2 (604 mm 3 ). This result is in line with previous studies showing that BA 2 is smaller than BAs 3b and 1 [e.g., Nelson and Chen, 2008] . Although a significant main effect of interdigit distances was observed within BA 3b and 1, further testing only confirmed a single significantly different distance (D1-D2 versus D4-D5), This result is consistent with results in previous mapping studies [e.g., Duncan and Boynton, 2007; Nelson and Chen, 2008] showing that D4-D5 is the shortest interdigit distance.
Finally, we note the large inter-subject variability of finger representation. Thus, the standard deviation of the MNI coordinates of the centers of mass was comparable to the interdigit distances, highlighting the importance of performing single subject analysis in somatotopic fMRI.
Thumb Magnification
We observed that the thumb had a larger cortical representation than the other fingers within BAs 1 and 2. An S1 over-representation of the thumb in the postcentral gyrus was observed by Penfield and Boldrey [1937] , based on data of 126 patients and after pooling data across a large number of individuals with often incomplete finger mappings. These patients suffered from different neurological diseases that may have affected patterns of cortical organization. Moreover, the employed stimulation techniques in humans typically used relatively large electrodes and used high currents leading to the spread of the electrical current within and beyond S1 [i.e. Blanke et al., 1999; Blanke et al., 2000; Lesser et al., 1987] . Extrapolating the data from Fig. 26 in Penfield and Boldrey [1937] , which represents the number of stimulations that led to a finger-specific somatosensory response, we estimated that the thumb representation is 2 times larger than the average representation of the other four fingers (thumb magnification for S1 globally; Penfield and Boldrey, 1937; Penfield and Jasper, 1954, Figures 3.15 at page 70 and 3.18 at page 73). Our data extend these earlier findings by showing that that thumb enlargement was significantly present in both BA 1 and 2. A trend to enlargement was also observed in BA 3b. Thumb magnification is compatible with what was reported by Penfield and colleagues for S1 globally, but suggests that thumb enlargement may predominate in BAs 1 and 2. Recent studies also reported data that are compatible with thumb magnification [Nelson and Chen, 2008; Sanchez-Panchuelo et al., 2010] .
Our analysis shows that cortical magnification is not due to a larger skin region of the thumb being stimulated, but more likely reflects a higher number of neurons and/ or a larger volume of cortex in BA 1 and 2, linked to the great importance of the human thumb for tactile perception (and haptic explorations).
The size of a cortical digit representation is thought to be correlated with the tactile acuity of that digit [Duncan and Boynton, 2007; Tegenthoff et al., 2005] . Thus, Duncan and Boynton [2007] reported that the interdigit distance between D4-D5 is significantly smaller than those between D2-D3 and D3-D4 (with D3-D4 not being significantly different from D2-D3). They also found that there is a nonlinear correlation between tactile acuity and cortical magnification. In addition, Sathian & Zangadze [1996] , showed that D5 has a poorer tactile acuity than the other fingers while no such differences were observed between D1, D2, D3, and D4. Moreover, the results of Vega-Bermudez & Johnson [2001] showed that the tactile acuity of D2 is higher than D3 which in turn is higher than D4. Based on these previous findings, it can be speculated that D5 has the smallest cortical representation, followed by D4, D3 and finally by D2 and D1. This is compatible with the present findings on interdigit distances and the volume of cortical representations in which we observed that the D5 representation is the smallest (significantly different from D1) and D2, D3, and D4 representations have comparable volumes. Although Duncan and Boynton [2007] did not directly investigate the thumb representation and the correlation between magnification factor and tactile acuity for the thumb, by extrapolating the data from the studies of Duncan and Boynton [2007] and Sathian & Zangadze r Human Finger Somatotopy in Areas 3b, 1, and 2 r r 11 r [1996] it can be speculated that D1 and D2 should be similar in size as these two fingers have been reported to have comparable tactile acuity [Sathian and Zangaladze, 1996] . This proposal, though, does not fit easily with the thumb magnification that was observed in our present data as well as in the results of previous studies [Nakamura et al., 1998; Nelson and Chen, 2008; Penfield and Boldrey, 1937; Sanchez-Panchuelo et al., 2010] . The relationship between cortical magnification and tactile acuity is an interesting issue but is beyond the scope of the present study and should be investigated by future imaging studies.
Interestingly, thumb magnification has not been observed in nonhuman primates. This potential species difference between squirrel and macaque monkeys on the one hand, and humans on the other, may reflect central nervous system differences that are related to increased tactile function in humans due to thumb opposition and precision grip [i.e. Johansson and Westling, 1984; Maier and Hepp-Reymond, 1995; Napier, 1961] . Thus, thumbrelated motor functions (and likely haptic and tactile functions) are characteristically expanded in humans due to the increased importance of the thumb for fine motor tasks such as grasping and tool handling.
Finger Selectivity
By analyzing the BOLD responses in single finger representations, we observed that these digit representations responded only to the tactile stimulation of the corresponding finger in BA 3b (i.e., no cross-finger responsiveness), but less so in BA 1 and 2. BA 1 showed increased cross-finger responsiveness for neighboring digits compared to BA 3b and no negative BOLD responses. BA 2 showed strong cross-finger responsiveness for most digits, with BOLD signal amplitudes of up to half that of the mainly represented digit during stimulation of adjacent fingers. Such finger selective activations are biased by the fact that the same data were used for the definition of the cortical finger representations and for the extraction of the beta values. However, this bias cannot explain why the stimulation of the other four fingers consistently led to much smaller or even negative BOLD responses. Importantly, we confirmed finger selective activations in a second session (see Fig. 7D ). In this particular analysis, finger regions and activation data were drawn from two independent datasets, thereby overcoming the circularity problem of the analysis of the data from the first session, without significant changes in the results. Additional analysis exploited the fact that the data recording included two consecutive functional runs. In this analysis, described in detail in the Supporting Information material, we used the data of the first run to create the finger maps and we extracted the beta values from the data acquired in the second run. The results of this analysis (see Supporting Information Fig. 2 ) replicated the findings observed using both runs together. That is, within BA 3b, finger representations are specialized and respond uniquely to stimulation of the target finger. A similar effect was also observed in BA 1, but with less pronounced finger selectivity. Single finger representations in BA 2 tended to respond to stimulation of any finger (yet this was only based on 3 subjects and therefore was not found to be significant).
In BA 3b, cross-finger responsiveness was observed only in the representations of D4 and D5. This response pattern may have originated from the particular organization of tactile receptive fields of these two digits in humans, which often function together in haptic exploration. We cannot exclude completely that this cross-finger responsiveness was due to partial-volume effects because the D4 and D5 regions were the two smallest regions in BA 3b. We note, however, that partial volume effects cannot account for the differences we observed between BAs 3b and 1 as their overall size was similar.
These 7T fMRI results are compatible with the notion of hierarchical processing of tactile information from BA 3b to 1 and 2. The finding of decreased finger selectivity and increased cross-finger responsiveness from BA 3b to 1 and 2 may reflect activation of neuronal populations with receptive fields mostly responsive to a single finger in BA 3b to several fingers in BA 2. These findings are compatible with electrophysiological studies investigating the hierarchical processing of tactile information [e.g. Costanzo and Gardner, 1980; Costanzo and Gardner, 1981; Gardner and Costanzo, 1980; Iwamura et al., 1983; Iwamura et al., 1993] . We note, however, that cross-finger responsiveness has recently been described to occur also in BA 3b [Lipton et al., 2010] . Yet, the latter data stem from single or multiple unit recordings and are thus sampled from a highly restricted region whereas our data are based on the average signal over the entire finger representation. Moreover, Lipton et al. analyzed multi-unit activity (MUA), whereas the BOLD signal is assumed to mostly reflect local field potential [Logothetis et al., 2001] .
CONCLUSIONS
In this study we presented a method for mapping single finger representations in human S1 using 7T fMRI and a natural stimulus. Using this method we showed that, consistent with animal models, finger specificity of the cortical regions was reduced moving from BA 3b to 1 and 2. We further observed thumb magnification in BAs 1 and 2, which seems to be specific to humans. Finally, the use of human touch as a stimulus makes this method appropriate as a functional S1 localizer in experiments studying the cognitive neuroscience of touch.
